Abstract Apoplast acidification associated with growth is well documented in roots, coleoptiles, and internodes but not in leaves. In the present study, advantage was taken of the high cuticle permeability in the elongation zone of barley leaves to measure apoplast pH and growth in response to application of test reagents.
Introduction
Growing leaf cells need to accumulate solutes to maintain the osmotic gradient between the inside and outside of the cell while expanding many-fold in size (Fricke and Flowers 1998) . It is the osmotic gradient that drives water uptake and allows turgor to build up sufficiently high so that walls yield. The uptake of solutes into cells is directly or indirectly energized by a proton (H ? ) gradient across the plasma membrane. The H ? gradient is established through the activity of the plasma membrane H ? -ATPase (PM-H ? -ATPase). In growing tissues, the activity of the PM-H ? -ATPase also leads to the growth-dependent acidification of the apoplast, a phenomenon that has been termed in connection with stimulatory effects of auxin on growth as ''acid growth'' (Hager and others 1971; Cleland 1970, 1992) . The discovery of expansins has provided molecular entities through which wall acidification can be linked to altered chemical interactions and loosening in the wall (Cosgrove 1993 (Cosgrove , 1997 McQueen-Mason and others 1992) . Changes in wall pH can also be linked to further processes relevant to growth, such as signalling and uptake of nutrients, in particular, potassium (K ? ) (Felle 2006; Felle and others 2005; Tode and Lüthen 2001) .
The dependency of acid growth on K ? has been reported for coleoptiles (Claussen and others 1997; Tode and Lüthen 2001) . Similarly, in roots, higher uptake of K ? coincided with lower apoplastic pH (Amtmann and others 1999) . The pH-mediated K ? uptake was observed mainly under conditions of low external K ? , pointing to H ? /K ? symport mechanisms (Britto and Kronzucker 2008; Szczerba and others 2009) or to electrochemical driving forces affecting channel-mediated K ? uptake. Studies on apoplast (and cell wall) pH in relation to growth have focused on the grass coleoptiles and on hypocotyls, internodes, and roots (Moloney and others 1981; Peters 2004; Peters and Felle 1999; Schopfer 1989; Terry and Jones 1981) . Leaves have not been studied in detail, despite being the main photosynthetic organs, and there are few studies that have attempted to relate apoplast pH to growth (Keller and Van Volkenburgh 1998; NevesPiestun and Bernstein 2001; Stahlberg and Van Volkenburgh 1999; Taylor and Davies 1985; Van Volkenburgh and Boyer 1985; Van Volkenburgh and Cleland 1980) . A recent study on barley showed that cuticle permeability in the leaf elongation zone is orders of magnitude higher compared with the mature blade (Richardson and others 2007) . In the present work, we took advantage of this observation and measured apoplast pH in dependence of growth, using pH microelectrodes (in vivo analyses) and an in vitro gel system that contained the pH indicator bromocresol purple. Elongation growth was measured in parallel or through separate experiments, by using a ruler or a linear variable differential transformer (LVDT). Growth and apoplast acidification were analyzed in response to the application of reagents that affect the activity of PM-H ? -ATPase or K ? transport processes.
Material and Methods

Plant Material
Barley (Hordeum vulgare L. cv. Golf; Svalöf Weibull AB, Svalöv, Sweden) was germinated and grown hydroponically under controlled environmental conditions as described previously (Fricke and Peters 2002; Knipfer and Fricke 2010) . Plants were analyzed when they were 14-15 days old, 3-12 h into the 16-h photoperiod. At this developmental stage, the main growing leaf of plants was leaf three. The base 40 mm of leaf three contained the leaf elongation zone and was enclosed by the sheath of older leaves one and two (Fricke 2002; Fricke and Flowers 1998) . The portion of leaf three that emerged from the sheath of leaf two and was exposed to ambient environmental conditions (light, wind, and air humidity) was the ''emerged blade.'' Apoplast pH Measurements Apoplast pH was measured through an in vitro gel system and pH microelectrodes. The in vitro gel system involved incubating leaf segments in agarose containing a pH indicator. The advantage of this system was that it was easy to use, which allowed the testing of many treatments, and that it made it possible to directly relate changes in apoplast acidification to changes in growth. pH microelectrodes were used to obtain precise values of apoplast pH, closest to the plasma membrane of cells.
Microelectrode measurements
pH-selective double-barrelled microelectrodes (Walker and others 1998) were used to measure apoplastic pH. The elongation zone and the emerged-blade portion of the developing leaf three of barley were analyzed. The older leaves one and two were peeled back to expose the abaxial surface of the basal elongation zone of leaf three (see also Volkov and others 2009). The elongation zone was covered with moist tissue paper which had been soaked during the preceding 24 h in distilled water to guarantee pH neutrality, which is not the case for ''fresh'' tissue paper, which reacts in an alkaline manner. During experiments, the presoaked tissue paper was soaked in the respective bath solution (as specified in figure legends) to alter the apoplast chemical environment of the leaf elongation zone. Due to the absence of a major permeability barrier (cuticle) in the elongation zone (Richardson and others 2007) , apoplast pH could be measured directly by bringing the microelectrode in close contact with the epidermal surface. Measurements were carried out at 20-30 mm from the base, where growth rates of cells were highest or close to being highest (Fricke and Peters 2002) . In the fully cutinized emerged-blade portion of the developing leaf three, apoplast pH was measured by inserting the microelectrode through stomatal pores. This approach had been used previously on barley leaves to sample single-cell contents (Fricke and others 1994) and to measure apoplast pH (Felle 2006; Felle and others 2005) . Microelectrode measurements were carried out using the same setup and microelectrode cocktail as described previously (Dennis and others 2009) , with the reference electrode in wet contact alongside the pH microelectrode (Chapman and others 2011) . The only difference was that in the present study, a pH 5.0 MES rather than pH 3.0 calibration buffer was used and that an additional pH 8.5 (20 mM TAPS, 120 mM KCl, 10 mM NaH 2 PO 4 ) calibration buffer was included. Calibration was performed before and after each reading. Microelectrode outputs were analyzed using Origin Ò 6.1 (OriginLab Corporation, Northhampton, MA, USA) software.
Analysis of one leaf region of one plant typically lasted between 2 and 6 h, and from one to six pH recordings were taken during this period. Measurements were carried out at room temperature and without any illumination. To minimize the time that plants were kept on the microelectrode rig, the elongation zone and emerged blade were analyzed in different plants. The rate of leaf elongation during the measurement period was calculated from the difference in leaf length at the beginning and the end of experiments as determined with a ruler. Preparation of plants reduced the leaf elongation rate by 50-60 % compared to elongation rates of undisturbed plants in the growth chamber (not shown). Details of analyses and treatments are provided in the text and figure legends.
In-Vitro Gel System
The base 70-80 mm of leaf three was placed into Petri dishes that had been filled with agarose medium containing the pH indicator bromocresol purple (Li and others 2007; Tang and others 2004) . The younger leaf four was removed from inside leaf three prior to experiments. The agarose medium contained 10 or 0.3 mM K ? , as specified in the text and figure legends, 1 mM CaCl 2 , 0.5 % agarose (gelling temperature of 38.3°C, Bioline), and 90 mg l -1 bromocresol purple. Any additional test reagents were added to the medium while it was fluid and the pH was adjusted to 7.0 using 0.3 mM KOH. The change in media K
? concentration due to buffering of media was negligible (\0.1 %). The medium was poured into Petri dishes and leaf pieces were placed into the medium when it was almost semirigid and had cooled down to between 28 and 32°C. Petri dishes were incubated under the same conditions under which the plants had grown, except for cold treatments, where dishes were incubated in the dark in a cold room (5°C). Petri dishes were photographed twice every hour with a Cannon EOS 350D digital camera. Digital photographs were used to assess the acidification of medium and measure elongation growth of leaves. ImageJ 1.41o software (http://rsbweb.nih.gov/ij) was used to measure the length of leaf pieces. Leaf length readings were calibrated with the aid of graph paper that had been fixed to Petri dishes prior to the start of experiments. Acidic areas, which showed up as yellow/yellow-white in the purple-stained medium (see Fig. 2 ), were selected on pictures using the magic wand of Adobe Ò Photoshop Ò 7.0.1 (tolerance factor 10) and measured (in mm 2 ) using Scion Image for Windows 4.0.3.2 (http://www.scioncorp.com) (O'Neal and others 2002). Preparation of leaf pieces and transfer to agarose medium resulted in an initial, nonspecific acidification of the medium, most likely as a result of unpeeling leaf three from the sheaths of leaves 1 and 2. Preliminary experiments showed that the subsequent capacity of leaves to acidify the medium was related (positively) to the level of nonspecific acidification observed after 1 h. Therefore, the acid area value obtained after 1 h of incubation was used as the reference point for the start of experiment (A 1 ). Any areas measured at further time points t (A t ) were related to this reference point according to A t /A 1 (arbitrary units).
Linear Variable Differential Transformer (LVDT) Measurements
The rate of leaf elongation was determined with the aid of a LVDT to follow rapid responses of growth to application of test reagents (Fricke and others 2004) . Experiments were carried out in a laboratory environment at ambient temperature, relative humidity, and light.
Plants were prepared in the same way as for electrophysiological analyses to relate results from both types of experiments to each other. Leaves 1 and 2 were peeled back and the exposed elongation zone of leaf three wrapped in washed (24 h in distilled water) tissue paper which was soaked in the test solution as specified in the text and figure legends. The moist tissue paper guaranteed a humid microclimate and prevented the elongation zone from drying out; it also allowed application of test reagents to the apoplast of the elongation zone. The base 40-50 mm of leaf three was wrapped in tissue paper to provide sufficient mechanical support for the leaf to remain in an upright position, a function that is usually carried out by (the removed) sheaths of older leaves. Roots were left in the same medium in which the particular plant had grown. The tip of leaf three was attached through cellotape to fishing line connected to a LVDT (DFG 5.0; RS Components, Corby, UK) and a counterweight of 2 g was applied. The LVDT signal was digitalized with a Burster 92101 data logger module (Burster Präzisionsmesstechnik Gmbh & Co Kg, Germany) with ICP 100 software. Changes in voltage output were recorded on a PC using Pfloek 1.09 software (LS Pflanzenökologie, Universität Bayreuth, Germany). The system was calibrated by replacing the plant with a micrometer screw and the rate of growth was calculated using Origin Ò 6.1 software and Microsoft Ò Excel. Although leaf elongation rates were comparable between replicate plants and batches, values for treatments were expressed as percentage of the control to further minimize any plant-to-plant variation. The control value was the elongation rate of a particular plant attached to the LVDT before a treatment was applied. Typically, control plants had the elongation zone of leaf three wrapped with tissue paper soaked in 1 or 0.1 mM KCl (for details, see text and figure legends). It took up to 1 h for the elongation rate to reach a steady level following attachment of plants to the LVDT. Application of vanadate and CsCl treatments at pH 7 required a similar period of stabilization (about 1 h), whereas application of fusicoccin required the leaf elongation rate to be stable for 2-3 h.
Statistical Analyses
Statistical analysis was carried out with Origin Ò 6.1 software, using paired and independent Student's t-test and one-way ANOVA.
Results
Microelectrode Measurements
Microelectrode measurements showed that apoplast pH in the elongation zone was by up to one pH unit lower than apoplast pH in the emerged blade (Fig. 1a) . Apoplast pH in the elongation zone depended on the K ? concentration in the bathing medium which was in direct contact with the leaf surface during measurements. At the lowest K ? concentration tested (0.1 mM), apoplast pH was 4.8. At the highest K ? concentration tested (10 mM), apoplast pH was 5.8 and indistinguishable from the value in the emerged blade. In contrast, apoplast pH in the emerged blade did not change with bathing medium K ? . Vanadate, which inhibits the PM-H
? -ATPase, was tested in the elongation zone at a concentration of 500 lM in the presence of 0.1 mM KCl. Apoplast pH increased from 4.8 to 5.8, precisely the pH value observed in the emerged blade (Fig. 1b) . When the pH of the bathing medium was adjusted to 7.0 using KOH (final K ? concentration of 0.3-0.5 mM), apoplast pH in the elongation zone was between 4.8 and 5.2. This proved that the lower apoplast pH measured in the elongation zone depended little on the pH of the bulk (bathing) solution, which was in contact with the apoplast, provided that the solution did not contain any buffer component. When the pH of the bathing solution was adjusted to 7.0 using 100 mM Tris-HCl, including 0.1 mM KCl, the pH of the apoplast responded to this treatment and was 6.1-6.2 in both the elongation zone and the emerged blade (Fig. 1b) .
The rate of leaf elongation decreased in response to vanadate, from 0.74 ± 0.18 in control to 0.47 ± 0.16 in treated plants (p \ 0.05 not shown).
In Vitro Agarose Gel System
The base 70-80 mm of leaf three was placed in agarose gel medium containing the pH indicator bromocresol purple and growth was monitored parallel to acidification of the medium. The basic assumption underlying this experiment was that any changes in the acidity of the medium adjacent to leaf tissue reflected similar changes in the net H ? production rate (due to PM-H ? -ATPase activity) in the tissue's apoplast.
''Changes in acidity'' can refer to either or both changes in pH and changes in the area of medium that was acidic. Gel images of a typical set of experiments involving application of fusicoccin and vanadate are shown in Fig. 2a-c . There was a nonspecific acidification of medium following the placement of unpeeled leaf segments into the agarose. This initial acidification, which most likely reflected changes in apoplast pH caused by the unpeeling and which was not always restricted to the base 40 mm (leaf elongation zone), decreased for about 3-5 h in control plants and levelled off thereafter ( Fig. 2a-d) . In vanadate-treated leaves, acidification continued to decrease. In contrast, in leaves treated Fig. 1 Microelectrode analyses of apoplast pH in the elongation zone and emerged blade portion of leaf 3 of barley. a Apoplast pH in dependence of the K ? concentration (added as KCl, which was unbuffered at pH 5.5-5.7) of the electrode bathing medium which was in direct contact with the leaf tissue analyzed. b Apoplast pH as affected by adjusting the pH or buffering the pH (100 mM Tris) of the bathing medium to pH 7.0, or by applying sodium orthovanadate (Na 3 VO 4 ) to the bathing medium. The KCl solution was unbuffered at pH 5.5-5.7; the KCl/vanadate solution was unbuffered and adjusted to pH 4.0 using 0.1 M HCl. Adjusting the pH of bathing medium to pH 7.0 using KOH resulted in a final concentration of added KOH of 0.3-0.5 mM. Values are averages and standard deviations (error bars) of 7-15 measurements obtained on 3-6 plants for each treatment. Different letters show a statistically significant difference at p \ 0.05 with the fungal toxin fusicoccin, which stimulates PM-H ? -ATPase (Marré 1979; Würtele and others 2003) , acidification remained at a high level throughout (Fig. 2a-d) . The overall increase in leaf length (growth) during the experimental period was largest in fusicoccin-treated and smallest in vanadate-treated leaves (Fig. 2e) . Similarly, when incubated leaf segments were subjected to an initial (0-24 h) cold treatment, which arrested growth, medium acidification did not occur either. Both growth and medium acidification resumed when leaf segments were transferred to 21°C (growth chamber; Fig. 2f ). Together, these experiments showed that there was a positive relationship between growth and medium acidification. Based on the time course of medium acidification, particularly for control plants, it was decided that the level of medium acidification and average leaf length increase during the time period of 5-10 h was best suited for comparison between treatments. On average, fusicoccin increased the leaf elongation rate to 177 % and medium acidification to 235 % of the control value (Fig. 3) . Vanadate caused the opposite effects (27 and (Fig. 3 ).
LVDT Analyses of Growth Responses
Original LVDT recordings, together with computed growth rates for 3-min intervals, are shown for representative experiments (Fig. 4a) , as are average growth rates for all experiments, expressed as percentage of the respective control (Fig. 4b) . In the presence of 1 mM KCl in the test solution, fusicoccin (5 lM) increased leaf elongation to about 160 % of the rate observed in control plants. Vanadate, CsCl, and CsCl-vanadate double treatments decreased growth rate by about 50 %. The same was observed for the K ? channel blocker tetraethylammonium (TEA; Fig. 4b ) and the K ? transporter blocker ammonium (20 mM; not shown; ammonium may also affect growth through rather nonspecific effects on membrane potential and cytosolic pH). The growth-stimulatory effect of fusicoccin increased with the K ? concentration in the bathing medium (Fig. 4c) . In contrast, the inhibitory effect of vanadate on leaf elongation growth did not depend on the K ? concentration (Fig. 4c) . Changes in the K ? concentration per se did not affect growth but required a functional PM-H ? -ATPase to achieve this effect.
Discussion
The present data provide the most quantitative evidence so far that the PM-H ? -ATPase is required to attain maximum cell elongation rates in grass leaves. An acid growth-type mechanism also occurs in barley leaves in that the apoplast pH of elongating leaf tissue is lower by up to one pH unit than the apoplast pH of mature tissue. However, growth-zone-specific apoplast acidification is not required for all of the growth displayed by barley leaves. Instead, leaves show 50-60 % residual growth in response to (vanadate) treatments that increase apoplast pH in the elongation zone to a value like that observed in mature tissue. In addition, apoplast pH in the leaf elongation zone exhibits an unusual dependency on extracellular K
? . To the best of our knowledge, this is the only study so far of any aerial plant tissue in which acid-growth-type mechanisms and the involvement of PM-H ? -ATPase were investigated with a complete omission of mechanical or chemical procedures to render the tissue surface (cuticle) more permeable to test reagents. This was possible thanks to an inherent high cuticle permeability of the (barley) leaf elongation zone.
Growth-associated Apoplast Acidification
Microelectrode pH measurements showed that the pH in the apoplast of the elongation zone of barley leaves was as low as pH 4.8. The pH was up to one pH unit lower and the H ? concentration was up to tenfold higher compared with the pH and H ? concentration in the apoplast of mature leaf tissue. Neves-Piestun and Bernstein (2001) and Van Volkenburgh and Boyer (1985) measured pH in excess of or close to 6.0 in droplets applied to the elongation zone of maize leaves. Recently, Ehlert and others (2011) reported a mean apoplast pH of 5.1 for elongating maize leaf tissue analyzed using pH microelectrodes.
Acidification of the apoplast in the elongation zone of barley leaves generally coincided with growth. A positive relation was best visualized by cold treatment in the in vitro gel system (Fig. 2f) . In the same system, vanadate treatment decreased the growth rate of leaves and rendered the medium adjacent to leaf apoplast less acidic, whereas fusicoccin caused the opposite effects on growth and acidification (Figs. 2, 3 ). Vanadate treatment in the Fig. 3 Elongation rate (a) and medium acidification (b) of barley leaves treated with fusicoccin, vanadate, and caesium chloride in the agarose gel system. All media contained 10 mM KCl, and test reagents were applied at 5 lM (fusicoccin), 500 lM (vanadate), and 5 mM (CsCl) at pH 7. Values of elongation rate and medium acidification were taken for the period of 5-10 h of incubation (compare Fig. 2; average of values at 6, 7, 8, 9, and 10 h). Shown are averages and standard deviations of 20 (control), 9 (fusicoccin), 7 (vanadate), and 14 (CsCl) plants. Different letters show a statistically significant difference at p \ 0.05 microelectrode setup caused a partial (ca. 40 %) reduction in growth but a complete cancellation of the difference in apoplast pH between growing and mature tissue. This experiment shows that although maximum growth rates in barley leaf cells and leaves are associated with a lower apoplast pH, not all of this growth requires an apoplast pH that is lower than the pH in mature tissue. Similarly, a simple mechanistic model in which elongation growth of leaf cells is facilitated entirely through expansin action as a result of a growth-zone-specific apoplast acidification does not apply to barley leaves, particularly as expansins do not ''consume'' H ? through their actions. Microelectrode measurements showed that apoplast pH in the leaf elongation zone of barley leaves increased with Fig. 4 The effect of test reagents in the apoplast bathing medium on leaf growth as measured with the LVDT setup. a Typical traces and computed growth rates for 3-min intervals of experiments involving application of fusicoccin (FC, 5 lM), vanadate (VAN, 500 lM), tetraethylammonium chloride (TEA, 50 mM), CsCl (40 mM), and CsCl ? VAN double treatment (40 mM/500 lM). Media always contained 1 mM KCl. Application of test reagents to the tissue paper in contact with the leaf elongation zone occasionally caused disturbance of the LVDT setup. This resulted in sudden changes in leaf length, as did periodic readjustment of the LVDT core. Periods of these disturbances were omitted when computing growth rates for 3-min intervals. Growth rates were fitted with a moving average (period 2) trend line (Excel). The part of traces that is boxed in by squares was used to calculate growth rates of control (grey-lined box) and treated leaves (bold-lined box). The values were used to construct panel b. b Average growth rates with standard deviations (error bars) of experiments shown in panel a. Between 3 and 6 plants were analyzed for each treatment, and growth rates are expressed as percentage of the value measured for control plants (100 %). The pH of solutions (unbuffered) was between 5.7 and 5.9, except for solution containing vanadate, which was adjusted to pH 4.0 using HCl. c Potassium dependency of the growth response to fusicoccin (5 lM) and vanadate (500 lM). Values are averages and standard deviations (error bars) of 3-6 plants. The K ? concentration of apoplast bathing medium was as indicated. Growth rates are expressed as percentage of the respective KCl control, which contained only KCl at 0.1, 1, or 10 mM in the apoplast bathing medium. Different letters show a statistically significant difference at p \ 0.05 (Color figure online) J Plant Growth Regul (2013) 32:131-139 137 extracellular K ? . The rapid growth in this region of the leaf is sustained by K ? uptake, and this transport activity is a major factor determining the apoplastic environment. The K ? influx mechanism may be an important factor for apoplastic pH: at lower external K ? , a proton-coupled mechanism predominates (Maathuis and Sanders 1996) resulting in cytosolic acidification that responds by stimulated plasma membrane proton pump activity. At higher external K ? , a channel mechanism is the major route for entry in expanding leaf cells (for example, see Volkov and others 2009 ) and this pH compensatory activity by the proton pump is not necessary. At the lowest K ? concentration tested (0.1 mM) with the microelectrode setup, apoplast pH in the elongation zone was 4.8; at 10 mM K ? , apoplast pH was 5.8 and identical to the value in emerged tissue. Because the emerged leaf contains at its surface a major permeability barrier (cuticle) to limit contact between cells and an externally applied solution, this could mean that the difference in pH observed between leaf regions was an artefact and reflected differences in the access of bath solution between leaf regions. If, by chance, the K ? concentration in the apoplast of the emerged blade of intact plants had been 10 mM, or at least higher than 1 mM, and if none of the external bathing solution had reached the apoplast, one would have predicted an apoplast pH of 5.8 based on measurements for elongating tissue at 10 mM K ? . Felle (2006) measured an apoplast K ? concentration of 2.6 mM in mature barley leaves. Also, if the apoplast K ? concentration in the leaf elongation zone in planta was close to 10 mM, one would not expect to find a difference in apoplast pH between the two leaf regions in intact, undisturbed plants, despite the leaf presumably continuing to grow.
Illumination stimulates PM-H ? -ATPase pump activity and apoplast acidification (Stahlberg and Van Volkenburgh 1999; Stiles and Van Volkenburgh 2004; Stiles and others 2003) . The present pH microelectrode measurements were carried out in the dark. In a natural setting, the mature blade is exposed to ambient light, whereas the elongation zone receives less light, which is green-filtered through subtending sheaths. Therefore, it is possible that the difference in apoplast pH between leaf regions in field-grown and field-analyzed plants, where PM-H ? -ATPase might be light-stimulated in mature but not growing regions, is smaller than the difference measured here.
When fusicoccin was applied in the LVDT setup, it stimulated growth most at the highest extracellular K ? concentration tested. In the agarose gel system, fusicoccin caused the largest medium acidification of all treatments tested. A similar positive relationship between growth and apoplast acidification in fusicoccin-treated tissue has been reported for maize coleoptiles (Tode and Lüthen 2001 inward-rectifying Shaker-type channels, or at least reduced significantly, growth was reduced by about 50 %. A similar reduction in growth was observed in response to vanadate and CsCl-vanadate double treatments (applied at 1 mM bathing medium K ? ; Fig. 4b ). Membrane potential was not measured in response to the above treatments, but the most likely scenario is that vanadate inhibition of PM-H ? -ATPase activity depolarized membrane potential to such an extent that uptake of K ? through channels was thermodynamically no longer possible. This would explain why direct blockage of channels through Cs
? caused a similar growth reduction as blockage of PM-H ? -ATPase. In both cases, apoplast pH is expected to increase (vanadate; Fig. 1b) or to be less acidified (vanadate, CsCl; Fig. 3 ), and this should inhibit the pH-dependent component of cell elongation growth. Tode and Lüthen (2001) concluded from experiments involving TEA that the acid-growth-type response of maize coleoptiles required the activity of inward-rectifying K ? channels. Similarly, Stiles and others (2003) and Stiles and Van Volkenburgh (2004) studied the effect of TEA on light-stimulated growth, H ? efflux, and K ? uptake in the base and tip region of expanding tobacco (Nicotiana tabacum L.) leaves. The authors concluded that TEA inhibited growth and wall acidification only in cells that depended on TEA-sensitive channels for K ? uptake. It remains to be shown how much of K ? uptake associated with pH-dependent growth occurs through Shaker-type channels or through transporters and nonselective cation channels.
